Aim: To investigate whether aspirin is able to augment gemcitabine-induced cytotoxicity in human pancreatic cancer cells. Methods: Two gemcitabine-insensitive human pancreatic cancer cell lines, PANC-1 and Capan-1, were used. Cells were treated with either aspirin or gemcitabine alone or both of them. Cell growth and apoptosis were determined by MTT assay, Annexin V or Hoechest 33258 staining. Cell cycle distribution was examined by flow cytometry. Western blot with specific phosphorylated protein antibodies was used to detect the activation of protein kinase. RT-PCR and Western blot were applied to assess the transcription and protein level for cyclin D1 and Bcl-2. Results: Aspirin alone significantly inhibits the proliferation of PANC-1 cells by causing cell cycle arrest at G 1 phase. Aspirin potentiates the anti-survival effect of gemcitabine as well as its pro-apoptotic effect in PANC-1 cells, although aspirin per se does not trigger apoptosis. Aspirin inhibits GSK-3β activation and suppresses the expression of its downstream gene products (cyclin D1 and Bcl-2), which are implicated in proliferation, survival and chemoresistance of pancreatic cancer. The effects of aspirin on Capan-1, were similar to that on PANC-1. Conclusion: Our results suggest that aspirin inhibits the proliferation of gemcitabine-resistant pancreatic cancer cells and augments the antisurvival effect of gemcitabine, probably by suppressing the activity of GSK-3β and its downstream gene products.
Introduction
Pancreatic cancer remains a fatal disease with a 5-year survival rate less than 5% [1] . Besides surgery and radiation, chemotherapy regimens often fail to improve the outcome of pancreatic cancer patients. Currently, gemcitabine (difluorodeoxycytidine) appears to be the best chemotherapeutic agent in the treatment of advanced pancreatic cancer [2] . However, even with this drug, the objective tumor response rate is less than 10%, and the impact of the drug on survival is minor [3] . Moreover, gemcitabine is associated with drug resistance and highly toxic for tumor cells as well as normal cells [2, 4] . Thus, there is a need for novel strategies involving less toxic agents that can sensitize pancreatic cancer cells to chemotherapy.
The transcription factor nuclear factor-κB (NF-κB) plays a major role in promoting gemcitabine resistance [2] , because NF-κB mediates transcription of a serial of proliferation and antiapoptosis genes, such as cyclin D1 and Bcl-2. Recent evidence indicates that glycogen synthase kinase-3β (GSK-3β) positively regulates NF-κB-mediated gene transcription and cell survival [5, 6] . It is reported that pancreatic cancer cells contain a pool of active GSK-3β and that pharmacologic inhibition of GSK-3β kinase activity using small molecule inhibitors or genetic depletion of GSK-3β by RNA interference influences NF-κB-mediated gene (such as cyclin D1, Bcl-2) transcription, leading to decreased cancer cell proliferation and survival. Together, this evidence suggests GSK-3β as a potential therapeutic target in the treatment of pancreatic cancer. Therefore, agents that block GSK-3β activation could reduce chemoresistance to gemcitabine and perhaps be used in combination with gemcitabine as a novel therapeutic regimen for pancreatic cancer.
Aspirin (acetylsalicylic acid, ASA), the traditional nonsteroid anti-inflammatory drug (NSAID), is one such agent Aspirin inhibits proliferation of gemcitabine-resistant human pancreatic cancer cells and augments gemcitabine-induced cytotoxicity www.nature.com/aps Ou YQ et al Acta Pharmacologica Sinica npg that is nontoxic to humans, which has become one of the most commonly utilized therapeutic drugs all over the world since its introduction into modern medicine in 1897 [7] . Dihlmann [8] suggested that ASA was able to induce phosphorylation/ inactivation of GSK-3β in several colon cancer cell lines. Nevertheless, the effect of ASA on GSK-3β activity in pancreatic cancer cells is never, to our knowledge, investigated before. In addition, although previous studies report that ASA is capable of suppressing pancreatic cancers growth in vitro and in vivo [9] , the exact function and the underlying mechanism of ASA on pancreatic cancer remain to be further explored.
Thus, the goal of this study was to investigate the impact of ASA on the growth of human pancreatic cancer cells. Additionally, we investigate whether ASA can potentiate the gemcitabine-induced cytotoxicity in pancreatic cancer cells in vitro.
Materials and methods
Cell culture and drug treatment Human pancreatic cancer cell line PANC-1, Capan-1 were obtained from Shanghai Cell Bank and maintained in DMEM (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100×10 3 U/L penicillin, and 100×10 3 U/L streptomycin in 5% CO 2 at 37 °C. Human pancreatic cancer cell line PANC-1, Capan-1 were chosen as in vitro model, because they are considered relatively resistant to many chemotherapeutic regimens [10] . ASA (Sigma, St Louis, Mo) was dissolved in DMSO (Sigma) and diluted with DMEM medium to a final concentration of 1% DMSO. The pH value of the ASA-containing medium was adjusted to 7.2 with 2.8% NaHCO 3 (Shanghai Sangon Biological Engineering Technology & Services Co, Ltd, China). Vehicle was treated with an equivalent volume of 10% FBS-medium with 1% DMSO. Gemcitabine (difluorodeoxycytidine, Lilly, Bad Homburg, Germany) was stored at 4 °C and dissolved in PBS on the day of use.
Cell growth and survival assays All assays were carried out in quintuple of three separate experiments. Cell growth was tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT, Sigma) assay. Apoptosis was evaluated with Annexin V-fluoroisothiocyanate apoptosis detection kit according to the instruction of the manufacturer (Sigma) and analyzed with use of a EPICS ALTRA flow cytometer (Beckman Coulter, Fullerton, CA) and CellQuest software as previously described [11] . Apoptosis was observed by Hoechst 33258 staining as described [12] . Apoptotic cells were characterized by morphological alteration as condensed nuclei and cell shrinkage. Necrosis was assayed using the CytoTox96 non-radioactive cytotoxicity assay kit (Promega, Madison, WI), which quantifies cell death and cell lysis, based on the measurement of lactate dehydrogenase (LDH) activity released from the cytosol of damaged cells into the supernatant.
Cell cycle analysis
Cell cycle was assessed as previously described [13] Preparation of nuclear extracts PANC-1 cells were incubated with different concentrations of ASA for 24 h, followed by preparation of nuclear extracts using nuclear extract kit (Pierce, IL) according to the manufacturer's instructions. In brief, about 3×10 6 cells per sample were washed with ice-cold PBS/phosphate inhibitors, scraped, and collected by centrifugation at 500×g for 5 min. The pellets were suspended in 500 μL of hypotonic buffer, incubated on ice for 15 min and centrifuged at 14 000×g for 30 s at 4 °C. The supernatant (cytosolic extract) was removed and the pellet (nuclear fraction) was suspended in 50 μL of complete lysis buffer and incubated on ice for 30 min with frequent mixing. Finally the suspension was centrifuged at 14 000×g for 10 min at 4 °C and the supernatant (nuclear extract) was subjected to Western blot analysis.
Western blot analysis
Western blot was performed as previously described [13] . The following antibodies were used: antibody against PCNA (1:15 000, Cell Signaling Technology, Beverly, MA), GAPDH, cyclin D1, Bcl-2, GSK-3β, phosphor-GSK-3β-Ser9, Akt, phosphor-Akt-Ser473 (1:1000, Cell Signaling Technology), phosphor-PP2A-Tyr307 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA), PP2A (1:1000, Millipore, Billerica, MA), β-actin (1:1000, Thermo Scientific IHC, Fremont, CA) and C23 (also as designated nucleolin, 1:1000, Santa Cruz Biotechnology).
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated with TRIzol reagent (Gibco-BRL) according to the manufacturer's instructions. Complementary DNA was synthesized from 1 μg of total RNA by reverse transcription using the Superscript TM II reverse transcriptase kit (Gibco-BRL). Sequence of the PCR primers: GAPDH: 5'-CCA-CCCATGGCAAATTCCATGGCA-3' (sense primer), 5'-TCTA-GACGGCAGGTCAGGTCCACC-3' (antisense primer). Cyclin D1: 5'-GTCACACTTGATCACTCTGG-3' (sense primer), 5'-TGGCCATGAACTACCTGGA-3' (antisense primer). Bcl-2: 5'-GTGGAGGAGCTCTTCAGGGA-3'(sense primer), 5'-CGGTGCTTGGCAATTAGTGG-3' (antisense primer). The PCR conditions contained an initial cDNA synthesis reaction 
Results

ASA inhibits the growth of PANC-1 cells in vitro
Initially, we determined the effect of ASA on the growth of PANC-1 cells using MTT assay. As the growth curve shown, ASA treatment attenuates the growth rate of PANC-1 cells time-and dose-dependently (Figure 1) . Compared with the untreated cells, 4 mmol/L ASA is sufficient to inhibit the cell growth by about 40% (P<0.01) at 24 h, and the inhibitory effect of ASA becomes more significant at 72 h. Clearly, ASA alone is able to slow down the growth of PANC-1 cells.
ASA decreases proliferation instead of inducing apoptosis or necrosis in PANC-1 cells
The reduction in growth of PANC-1 cells in response to ASA could be explained either by increased cell death or by reduced cell proliferation. Thus, the level of proliferating cell nuclear antigen (PCNA), an established index for proliferation cells, was firstly assessed to determine cell proliferation in PANC-1 cells [14] . Western blot analysis clearly shows that PCNA protein expression undergoes a down-regulation change in a time-dependent manner after exposure to ASA (Figure 2A) . Secondly, Anexin V, Hoechst staining and LDH examination were used to investigate whether treatment of ASA causes apoptosis or necrosis. There was no increase of Anexin V positive cells after ASA treatment during 24 h to 72 h ( Figure  2B ). Meanwhile, Apoptotic bodies are not observed in either Figure 2D ). Hence, cytotoxicity is not contributing to the reduction in cell growth. Therefore, we strongly believe that the inhibitory effect of ASA on PANC-1 growth is based on the reduction of proliferation instead of induction of cell death.
ASA causes cell cycle arrest at G 1 phase and decreases S phase fraction in PANC-1 cells To determine the mechanism involved in the reduction of cell proliferation, we analyzed the cell cycle distributions of PANC-1 cells treated by ASA. ASA hampers the cell cycle progression by arresting up to three quarters of cancer cells at G 1 phase, and by decreasing S phase fraction by about 40% in 24 h compared with the control (Figure 3 ). Additionally, no subdiploid (sub-G 0 /G 1 ) peak in DNA content histograms is obtained by flow cytometry, which further supports the findings mentioned above that no apoptosis is induced by ASA.
ASA augments the effect of gemcitabine on cell survival and induction of apoptosis in PANC-1 cells To determine the effect of ASA on gemcitabine-induced cytotoxicity, PANC-1 cells were treated with gemcitabine in the presence of ASA. Only minor reduction of cell survival was observed with the treatment of gemcitabine alone at the dose of 0.2 μmol/L to 20 μmol/L in 24 h ( Figure 4A ). Obviously, human pancreatic PANC-1 cells are not sensitive to gemcitabine treatment, which is consistent with the previous report [10] . However, ASA significantly promotes gemcitabineinduced cytotoxicity, which is dependent upon concentrations of ASA and gemcitabine (P<0.05). Similar results were observed with Hoechst staining. Data from Hoechst assays ( Figure 4B) show that ASA pronouncedly increased the apoptotic effect of gemcitabine, whereas gemcitabine alone, has minimal apoptotic effect on the PANC-1 cells.
ASA inhibits GSK-3β activation in PANC-1 cells
To explore the molecular mechanism underlying the above effect of ASA on PANC-1 cells, we investigated whether the effect of ASA is associated with the inhibition of GSK-3β activation. Using Western blot analysis of total cell proteins, we observed that ASA dose-dependently increased phosphorylated level of GSK-3β at Ser9, which represents the inactive form of GSK-3β kinase, while has no effect on the total level of Figure 5A ). To exactly verify whether this alteration takes place in the nucleus, we replicated the experiment using nuclear extracts. Interestingly, the change of GSK-3β activation in nuclear fractions followed a similar pattern to that in total extracts ( Figure 5B ). Thus, we identified that GSK-3β is inactivated by ASA in the nucleus of PANC-1 cells.
To further elucidate the signaling pathways that inactivate GSK-3β, we examined the effect of ASA on Akt and PP2A, which are both implicated in the regulation of GSK-3β activity [15] . In untreated PANC-1 cells, phosphorylated Akt at Ser437 is marginal. After treatment with ASA for 24 h, a very strong band of the phosphorylated Akt appeared ( Figure 5C ). Therefore, ASA stimulates Akt activation via protein phosphorylation at Ser437 provided that phosphorylation of the Ser437 residue is required for a maximal Akt activation [16] . On the other hand, ASA causes little change on the inactivated phosphorylation status of PP2A at Tyr307.
ASA downregulates the expression of cyclin D1 and Bcl-2
We then assessed the expression of cyclin D1, which plays important role in tumor cell proliferation and cell cycle progression from G 1 phase to S phase; and Bcl-2, which is involved in tumor survival and chemoresistance in pancreatic cancer cells [17] , because both of the genes can be regulated by GSK-3β in pancreatic cancer cells [6] . RT-PCR analysis ( Figure  6A ) indicates that mRNA level of cylcin D1 and Bcl-2 are significantly suppressed by ASA in a dose-dependent manner in 24 h. Western blotting ( Figure 6B) shows that ASA also reduces the protein level of cyclin D1 and Bcl-2.
ASA inhibits growth, decreases S phase accumulation, augments the effect of gemcitabine and represses GSK-3β activation in Capan-1 cells To test whether the effects of ASA in PANC-1 cells are cellspecific or not, another human pancreatic cancer cell line Capan-1 cells were used. ASA inhibits cell growth dose-and time-dependently in Capan-1 cells as in PANC-1 cells ( Figure  7A ). Moreover, 4 mmol/L ASA decreases S phase accumulation time-dependently ( Figure 7B ). Furthermore, augment of gemcitabine-induced apoptosis by ASA was also seen in Capan-1 cells as in PANC-1 cells ( Figure 7C ). Mechanically, after treatment with ASA for 24 h, the levels of GSK-3β and Akt phosphorylation displayed the same alteration panel as in PANC-1 cells ( Figure 7D ). These findings demonstrate that ASA may have a broad therapeutic potential in human pancreatic cancer cells.
Discussion
The aim of this study is to examine the effect of ASA on the growth of pancreatic cancer cells and determine whether ASA, the famous NSAID, can sensitize the cells to gemcitabine. We find that ASA alone inhibits the proliferation of human pancreatic cancer cells by hampering cell cycle progressing, and that ASA enhance the apoptotic effects of gemcitabine; these effects of ASA may be associated with suppression of the These findings extend our understanding of the function and molecular basis of ASA on the dismal disease. ASA is a first-line medication in pancreatic cancer pain control, intend ed to keep patients comfortable without resorting to opioids [18, 19] . Because high concentrations (1-5 mmol/L) of ASA are achievable in vivo by oral administration of ASA at 4-10 g/d during treatment of rheumatic disorder and arthritis [20] , accumulating literature is evaluating additional, COX-independent, biological activities for these high doses of ASA.
Previous studies suggest that ASA is able to induce apoptosis in pancreatic cancer cells [9] . However, in our work, we demonstrated that ASA, even at its relative high dose (4 mmol/L), hardly causes apoptosis in PANC-1 cells. This was evidenced by the Annexin V and Hoechest 33258 staining and flow cytometry assays. The pronounced inhibition of growth of pancreatic cancer cells by ASA, is mainly due to the reduction of proliferation and retardation of cell cycle progression.
Gemcitabine alone only has a marginal effect on cell growth and apoptosis in PANC-1 cell line, which fits well with previous finding that PANC-1, Capan-1 cells are considered relatively resistant to many chemotherapeutic regimens [2, 10] . However, ASA was shown to significantly enhance the apoptotic effect of gemcitabine in these cells. This finding is not contradictory to the previous report that combination of gemcitabine and celecoxib did not demonstrate significant improvement in patients with advanced pancreatic cancer [21] . Because PANC-1 and Capan-1 cells are cyclooxygenase-2-negative, most bioactivities of ASA on this cell line were thought to be COX-2-independent.
The mechanism by which ASA exerts above bioactivity may involve the suppression of activity of GSK-3β. Ougolkov [22] have reported that GSK-3β aberrantly accumulates in human pancreatic cancer cells and its accumulation in cell nuclear is associated with its kinase activity and tumor differentiation. GSK-3β positively regulates the activity of NF-κB, while NF-κB per se plays a pivotal role in promoting gemcitabine resistance in pancreatic cancer [2] , so it is very likely that the inactivation of GSK-3β by ASA can sensitize the cells to gemcitabine. This hypothesis was evidenced by the finding that LiCl, the pharmacological inhibitor of GSK-3β, can significantly sensitize PANC-1 or Capan-1 cells to gemcitabine-induced apoptosis (Supplementary Figure) . Additional studies are needed to determine the necessary role of GSK-3β in the effect of ASA on pancreatic cancer cells and provide evidence that this mechanism occurs also in vivo. Our results also display that ASA inhibits the expression of GSK-3β downstream genes, Bcl-2 and cyclin D1. Of note, the anti-apoptotic Bcl-2 plays an important role in the development of many chemo- [23] . Thereby, Bcl-2 may be the effecter molecule of ASA to regulate gemcitabine-induced cytotoxicity and apoptosis. Cyclin D1 is overexpressed in human pancreatic cancer tissue and inversely correlated with patient survival [24] . It governs the checkpoint of G 1 to S phase progression [25] and is always responsible for the aberrant cell cycle in tumor cells [26] . In our work, suppression of cylcin D1 expression by ASA seems to contribute to the cell cycle retardation and proliferation reduction in PANC-1 cells.
Admittedly, GSK-3β can also regulate cyclin D1 at the posttranslational level by phosphorylating cyclin D1 on T286 and inducing its rapid turnover [25] . In the present work, we display that ASA significantly inactivates GSK-3β and suppresses cyclin D1 at the transcription level in pancreatic cancer cells, which is, to our knowledge, never reported before.
Akt and PP2A pathways are implicated in the activation of GSK-3β. PP2A dephosphorylates and activates GSK-3β [27] while Akt can inactivate GSK-3β by phosphorylating GSK-3β at Ser9 [28] . Alternatively, PP2A can act upstream of Akt pathway to indirectly regulate GSK-3β signaling [15] . However, our results demonstrate that only Akt activation is involved in the inactivation of GSK-3β by ASA in PANC-1 cells, which takes place independently of PP2A pathway. Concerns may be aroused that Akt activation renders the resistance of pancreatic carcinoma against anticancer drugs [29, 30] . In fact, Akt does not seem to be involved in gemcitabine resistance of human pancreatic carcinoma cell lines. It is reported that neither did the basal Akt activity correlate with the sensitivity towards gemcitabine treatment, nor did the inhibition of Akt by LY294002 alter gemcitabine-induced apoptosis [2] . Thus ASA is not likely to confer chemoresistance to the current clinical regimen for pancreatic carcinomas.
In conclusion, our results show that ASA inhibits proliferation and potentiates the apoptosis-inducing effect of gemcitabine in pancreatic cancer cells, probably by inhibiting activation of GSK-3β and the expression of its regulated targets. Thus, the traditional agent ASA may prove to be a novel candidate to be used in combination with gemcitabine for the chemotherapy of pancreatic carcinoma.
